Objectives: This study was designed to compare the whole-body protein turnover in humans after the ingestion of a soy protein-rich vegetable diet with that of a control group fed a western animal protein-rich diet. Subjects: Twelve male volunteers were divided into two groups of six subjects who were given for two weeks either a 85% vegetable protein diet (diet VP) or a control western animal protein-rich diet (diet AP). Interventions: Whole-body protein turnover was estimated at the end of the two-week controlled diet period using the [
Introduction
The relative state of protein synthesis and breakdown is a functional characteristic of the protein nutritional status (Waterlow, 1984; Garlick et al, 1991; Pacy et al, 1994) . Studies concerning the rate of protein turnover in the whole body in humans have dealt frequently with the in¯uence of the level of protein intake (Garlick et al, 1991; Pacy et al, 1994) but rarely with a comparison between different protein sources. The ability of different protein sources to maintain an appropriate level of protein turnover could be of particular interest to evaluate their nutritional quality, that is to meet human protein requirements. In plant foods, low levels of various essential amino acids are often considered to limit their nutritive value. However, the amino acid pro®le of soy protein is well-rounded for a plant protein (Erdman and Fordyce, 1989; FAO/WHO, 1991) . Previous studies have shown that soy-bean and pea proteins have a high digestibility in humans (Baglieri et al, 1994; Gaussere Ás et al, 1996) . Short-term and longterm metabolic studies with soy-protein products showed that soy proteins have a good capacity to serve as a source of nitrogen in humans (Young, 1991; Young and Pellet, 1994; Friedman, 1996) . The objective of this study was to compare the whole-body protein turnover in young men fed either a soy protein-rich diet or a western animal proteinrich diet (control group). The protein turnover rate was estimated using the [ 15 N]-glycine end-product method (Fern et al, 1981; Fern and Garlick, 1983; Grove and Jackson, 1995) .
Material and methods

Experimental trial
The protocol was approved by the Ethical Committee of the Ho Ãtel Dieu Hospital (Paris, France). Twelve free-living male students participated in this study and were selected among a group of volunteers after a food frequency questionnaire. Mean age, height, weight and body mass index (BMI) are presented in Table 1 . Their estimated energy needs and their usual protein intake were close to the experimental diets. They were divided into two groups of six subjects, each being given for two weeks either a vegetable protein diet (diet VP) or a control animal protein diet (diet AP). The diets were equi-nitrogenous and equicaloric, to provide 3000 kcal/d (Table 1) . For both diets, vegetable non-soy proteins (including crude vegetables, starchy vegetables, and fruits) were the same in nature and quantity and represented 29% of the total protein supply (Table 1) . For the animal protein diet, the remaining 71% proteins was essential made up of ground meat (47%) provided by Central Soya (Aarhus, Danemark) and of milk protein (23%). However, for the vegetable protein diet, the remaining proteins were of soy origin (56%) and of meat origin (15%). The 56% soy protein were incorporated into the diet in the form of mainly ground meat using textured soy protein concentrate. Soy ground meat was made up of 70% soy protein and 30% meat protein (identical in nature to those of diet AP) in order to obtain a soy ground meat with a great texture and to equilibrate the saturated fatty acid level in both diets. Finally, soy products provided a neutral¯avour and an animal meat-like structure. Both chocolate cow milk and chocolate soy beverage were provided by Celia, St Denis de l'Hotel, France. All the means were prepared by the Quatuor society (Jouy-enJosas, France).
Whole-body protein turnover was measured at the end of the two-week controlled diet period by using the [
15 N]-glycine test performed in the fed state according to Fern et al (1981) . The subjects arrived fasted at the hospital at 8.00 am and urine was voided. During the test, subjects ingested a total of ®ve identical fractions of the diets either VP or AP (19.2 AE 2.2 g protein/fraction) that corresponded to a total daily protein intake of 1.3 g/kg. The ®rst meal was eaten at 8.30 am and the four remaining meals at 11.00 am, 1.00 pm, 3.30 pm and 5.20 pm, respectively. One hour and a half after the ®rst meal (10.00 am), a sample of urine was collected to determine the baseline enrichment and concentration of urea in plasma water immediately before the ingestion of a single dose of 200 mg [
15 N]-glycine (Euriso-Top, Saint Aubin, France) diluted in water (50 ml). Nitrogen¯ux rates were determined over a 9 h period after the dose of [ 15 N] was given. Urine samples were collected every 3 h and were treated with a thymol cristal and para®ne as preservatives and stored at 4 C until later analysis. At the end of the test, a 10 ml blood sample was drawn in order to determine the amount of tracer retained in the urea body pool.
Samples analysis
The total urinary nitrogen content and the isotopic ratio 15 N/ 14 N of urea and ammonia were determined by an elemental analyzer (NA 1500 series 2, Fisons Instruments, Manchester, UK) coupled with an isotope ratio mass spectrometer (Optima; Fisons Instruments, Manchester, UK). Atropina was used as the standard for nitrogen. The isotope ratio of N 2 was measured in reference to a calibrated 15 ]-enrichment determination, ammonia and urea (converted into ammonia with urease, Sigma, Saint-QuentinFallavier, France) were extracted using a Na/K form cation exchange resin in batch (Dowex Ag-50X8, BioRad, France) (Preston and McMillan, 1988) . Urinary and plasma urea were measured by an enzymatic method on a Dimension automate (Dupont de Nemours, Les Ulis, France). Urinary ammonia was measured by an enzymatic method (Randox, Le Blanc-Mesnil, France).
Calculations of protein turnover
Nitrogen¯uxes in the whole body were calculated according to the formula Q E x Ád/e x where Q is the rate of nitrogen¯ux (g N/9 h), E x the excretion of ammonia or urea (g N/9 h), d the dose of isotopic nitrogen (g 15 N) , and e x the amount of isotope (g N/9 h) recovered as ammonia in the urine or, in the case of urea, the amount of isotope recovered as urea in the urine and retained in the urea pool of the body at the end of the 9 h period (Fern et al, 1981) . The size of this pool was calculated as the sum of the plasma urea concentration and its volume of distribution with the assumption that urea was distributed throughout the total body water (TBW). The TBW was estimated using the equation of Watson et al (1980) for males. Rates of protein synthesis and breakdown in the whole body were derived from the following formula: Q E Z I B where E is the rate of excretion of total nitrogen in the urine (g N/9 h), Z the rate of whole body protein synthesis (g N/9 h), I the rate of nitrogen intake from the diet (g N/ 9 h) and B the rate of whole body protein breakdown (g N/ 9 h). Both whole body protein synthesis and breakdown were calculated from the harmonic average of the¯uxes based on urea (Q urea ) and ammonia (Q ammonia ). A factor of 6.25 was used to convert grams of nitrogen into grams of protein.
Statistics
Results were expressed as means AE s.d. To estimate the differences between the diets VP and AP, statistical analysis was performed using a variance analysis (General Linear Model SAS 6.03, SAS Institute, Inc, Car, NC, USA). A probability of P`0.05 was regarded as signi®-cant.
Results and discussion
In the present study, the effect of mixed vegetable protein intake on the whole-body protein turnover was measured in healthy humans fed a controlled diet with either 85% vegetable proteins (diet VP) or 71% animal proteins (diet AP) for two weeks (Table 1) . Protein turnover was estimated in the fed state from the labelling of the end-products of nitrogen metabolism after ingestion of [ 15 N]-glycine (Waterlow et al, 1978; Fern et al, 1981) . General data on urinary nitrogen excretion are presented in Table 2 . During the 9 h test, ammonia excretion was signi®cantly higher in the group receiving the diet AP than that in the group receiving the diet VP (P`0.05). In contrast, there was no Whole-body protein turnover in humans N Gaussere Ás et al signi®cant difference for both total nitrogen and urea nitrogen excretions during the 9 h of the test. After 9 h, the period during which nitrogen¯ux measurements were taken, about 60% of the ingested [ 15 N] remained within the body pool in the form of urea. The derived values for nitrogen¯uxes calculated from the ammonia and urea were not signi®cantly different for both groups (Table 3) . Both the protein synthesis and the protein breakdown were similar in both groups of subjects. In the same way, the net protein deposition in the fed state measured during 9 h was similar for both diets at 0.07 g/kg/h.
The two major approaches used to quantify whole-body protein turnover are the end-product method (mainly using 1991; Waterlow, 1995) . [ 15 N]-glycine represents the most suitable choice for a single labelled amino acid in the fed state 1983) . With the end-point average, the method provides repeatable results which compare well with the approaches using C-labelled amino acids, even though they rely on different assumptions (Fern et al, 1981; Waterlow, 1995) . However, the standard version described by Fern et al (1981) has been widely used (Marchini et al, 1996; Pacy et al, 1994; Pannemans et al, 1995; Stroud et al, 1996) . Moreover, this study did not focus on an absolute measurement of the whole-body protein turnover in healthy volunteers but on a relative measurement between the two diets.
With the end-product method, the protein turnover can be measured both with the prime/intermittent-dose approach and with the single-dose approach but, in the fed state, Grove and Jackson (1995) showed that these two approaches gave similar results. The variability between subjects and the precision can be improved when the turnover rates of ammonia and urea are taken together in the harmonic or arithmetic average (Fern et al, 1985) . Generally, even though the two averages are based on different assumptions, the estimations of whole-body protein turnover given were very similar (Fern and Garlick, 1983) . In our study, the estimations of protein turnover calculated from the ammonia and urea were similar, thus our results are presented as the harmonic average of ammonia and urea¯uxes. In a recent review, Waterlow (1995) has reported protein synthesis rates measured by [ 15 N]-glycine in the fed state. The results fall in the range of 1.5±2.5 g protein/kg per 12 h in the case of protein intakes of 0.6±1.5 g/kg/d. Our results for protein synthesis agree with these results with a mean value of 2.8 g/kg/9h in subjects fed a daily protein intake of 1.3 g/kg. Waterlow (1995) reported that above the level of the adult requirement for protein (0.6 g/kg/d), the increase in both the protein synthesis and breakdown was proportional to protein intakes. In our study, with respect to the two weeks adaptation with the diet VP or AP, the protein turnover measured in the fed state was very close regardless of the diet.
Moreover, it is now claimed that the end-product method can give information about metabolic activity in two different parts of the body. It is estimated that Q u , the estimated¯ux obtained by the labelling of urea, is the result of metabolism in the splanchnic bed because the urea is synthetized in the liver. On the other hand, Q a , the estimate obtained from ammonia, results from the peripheral tissues because muscles are probably the main source of glutamine, the precursor of urinary ammonia (Waterlow, 1996) . Several studies reported that the ratio Q a to Q u tends to be lower either when the dietary intake is reduced (Pacy et al, 1994) or in undernourished patients (Soares et al, 1994) . In our study, the ratio Q a to Q u was similar in both groups of subjects and was 0.86 AE 0.36 and 0.79 AE 0.21 with the diets VP and AP, respectively. These values are in accordance with those reported in normal subjects (Waterlow, 1996) , suggesting no difference in the protein metabolism partition.
The examination of both total and urea nitrogen excretions in the urine during the experimental period showed no differences between the two diets after correction was made for the variation of the size of the urea body pool. In contrast, the ammonia excretion was signi®cantly lower (P`0.05) after the ingestion of vegetable (soy-bean) protein diet than after the ingestion of animal proteins. The intake, in the diet AP, of animal protein rich in sulfur containing amino acids led to a net acid excretion by the kidney, as reported by Remer and Manz (1993) who compared the effects of lacto-vegetarian and protein diets. The protein balance was assumed to be the difference between the protein synthesis (Z ) and the protein breakdown (B).
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Since the major constituent of titrable acid in the urine is phosphate, an increase in the non-phosphorus renal acid load (for example sulfate from protein degradation) must be managed by an elevation in NH (Remer and Manz, 1995) . This was most likely the case in our study. Moreover, a drop in urinary nitrogen output and in fasted blood ammonia concentration are well-known effects of the consumption of vegetable-protein diets (Conn, 1993) . The in¯uence of vegetable protein on the blood ammonia concentration has been used in the treatment of pathologies such as chronic encephalopathy, in which the blood ammonia level is increased (Bianci et al, 1993; Uribe et al, 1982) . In Western countries, animal products supply about two thirds of the food protein, whereas plant protein foods contribute to two thirds of the world supply (Young and Pellet, 1994) . Additionally, an increased contribution of plant food in our diets has been recommended by the FAO/ WHO (1991) as a way to reduce the risk of several diseases. For these reasons, it is necessary to consider the role of vegetable proteins in human diets. Plant proteins have an amino acid composition that is generally nutritionally less favorable than that of animal proteins, but there appears to be wide variation in their nutritional value (Friedman, 1996) . Moreover, the digestibility of natural vegetable proteins is assumed to be lower than that of animal proteins, but plant proteins are generally consumed after preparation and processing which result from the inactivation of the antinutritional factors and from an improved digestibility. In addition, both balance and scoring studies have suggested that soy protein is fully capable of meeting human amino acid and nitrogen needs (Beer et al, 1989; Erdman and Fordyce, 1989; Young, 1991; Young and Pellet, 1994) . Soy protein represents and interesting source of dietary nitrogen for humans not only because of its good amino acid pro®le but also because of its high availability and excellent functional properties in food systems (Beer et al, 1989; Young and Pellet, 1994) .
Conclusions
Young adults fed 1.3 g/kg/d of either a soy protein-rich diet or an animal protein-rich diet for two weeks did not show any difference in level of protein turnover, suggesting that properly processed soy protein is capable of meeting the adult essential amino acid requirements. However, it will be interesting to perform the same study either in the fasted state in order to investigate the rate and amplitude of the diurnal cycling which may be different on the two diets (Millward and Pacy, 1995) or with elderly people, known to have a greater protein requirement of high-quality protein (Campbell et al, 1994) .
